This study quantifies the feasibility for a mobile sodium guidestar system. Simulations are run using the High Energy Laser End-to-End Operational Simulation (HELEEOS) software package with global sodium layer climatology data. Sodium layer data used was collected from the Optical Spectrograph and Infrared Imaging System (OSIRIS) sensor package on board the Odin satellite from 2005 through 2011 and provides a detailed global representation of the variable sodium layer occurring at an altitude of approximately 90 km in the atmosphere. This data is used in conjunction with the HELEEOS atmospheric propagation modeling to create realistic sodium guidestar models. The atmospheric effects for the laser propagation scattering model and creation of the sodium guidestar are defined in the worldwide probabilistic climatic database available in the HELEEOS software package. The simulations run evaluated the performance of a guidestar as viewed from along the propagation path and from non-propagation path viewing angles for engagement scenarios in various locations on earth.
INTRODUCTION
Present in Earth's mesosphere from 80 to 105 kilometers there is a layer of concentrated sodium atoms. The existence of this layer is the result of approximately 30 tons of interplanetary dust that enters the Earth's atmosphere on a daily basis. The formation of this layer has been studied since the early 1970s, mostly from sodium resonant lidar systems. These lidar systems provide good special and temporal resolution of the sodium concentration profiles; however they are limited to the locations on earth where stations are. Satellite measurements are needed to provide a global picture of the behavior of the sodium layer. 1, 17, and 33 In recent years, a global view of the sodium layer has been studied using measurements from satellites. A limb scanning technique utilizing the sodium dayglow radiance at 589 nm is employed to capture sodium concentration measurements. For this study sodium layer data was provided by the University of Leeds. Data was collected globally over the span of multiple years utilizing a limb scanning technique performed by the Optical Spectrograph and Infrared Imaging System (OSIRIS) sensor on the Odin satellite. This data has been validated by simultaneous lidar collection. The sodium layer data was added to a Laser Environment Definition and Reference (LEEDR) database and a global sodium concentration profile was created. Results from this will be discussed in this paper. 6 Incorporating the sodium layer concentration data added to LEEDR, makes it additionally available to the High Energy Laser End-to-End Operational Simulation (HELEEOS) toolset. New functionality was added LEEDR and HELEEOS so that a sodium guidestar can be simulated. The toolsets take into account atmospheric data and sodium layer data that are specific to a location on earth. This enables performance of a two way atmospheric propagation. At the sodium layer, a sodium wavelength laser interacts with the specific sodium layer profile data and calculations are performed to model the interaction of the sodium atoms with the photons from the laser. The toolsets will allow for photon flux calculations and a three dimensional analysis of a sodium guidestar. In this paper, three different scenarios are presented in a global environment to capture a sodium guidestar performance. The scenarios simulated are views of the sodium guidestar as viewed from a ground, air and space based sensor. How these calculations are performed and metrics on the results of the study are presented. 6 and 7
BACKGROUND

Sodium Layer Formation
Meteoric ablation is the source of the layer of sodium atoms that exists globally from 80 to 105 km above earth's surface. The sodium layer was originally discovered in 1929 when radiation at 589 nm was observed in the night sky. This was later identified as the emissions being caused from a layer of sodium atoms that were concentrated in the upper mesosphere and lower thermosphere. It is estimated that approximately 30 tons of interplanetary dust enter and burn up in Earth's atmosphere every day, contributing to the formation of the sodium layer. 1, 12, 23, 27, 29, 31, and 34 Several factors contribute to the high concentrations of sodium atoms between 80 and 100 km above earth's surface. In the atmosphere above approximately 80 km there is a sufficient concentration of atomic oxygen and hydrogen to recycle sodium compounds, such as sodium bicarbonate, back to atomic sodium. Below approximately 110 km the atmospheric density is high enough to convert Na+ ions back to atomic sodium through cluster formation and dissociative electron recombination. This is why we see a high concentration of atomic sodium atoms from 80 to 110 km in Earth's atmosphere. In addition, current meteoric ablation models predict that relatively volatile metals such as sodium and potassium evaporate first upon entering Earth's atmosphere. This is predicted to occur around 93 km in the atmosphere. Out of the incoming extraterrestrial material, approximately 0.80% of the metal compounds are considered to be sodium, and when the sodium evaporates in the atmosphere about 92% will be atomic sodium atoms. Out of these, 50% will be ionized from hyper-thermal collisions with air molecules to become ionized. A diagram depicting this process described can be seen in Fig. 1 . 
Traditional Sodium Layer Global Theory
The sodium layer has been studied since the 1950s, first using ground based photometry, then by resonant lidar systems, and most recently by limb-scanning spectroscopy from satellites. Data from the limb-scanning technique has produced a near global set of data that can be used as a reference for global trends in the sodium layer.
Traditional global sodium layer density theory, as presented by Ageorges and Dainty 1 , states that the sodium layer can vary by a full order of magnitude. At mid-latitudes, the sodium layer reaches its maximum in winter months, which is three times higher than the minimum in the summer months. In addition to the seasonal variation there is an erratic variation that can occur day to day or even in a time frame as short as ten minutes. These variations can be troublesome in designing a sodium guidestar system. The average sodium column density described by Ageorges is approximately 2 to 9 x 10 13 m -2 , with peaks reaching as high as 4 x 10 9 m -2 . This theory follows the trends as seen in the Fig 2. Data in Fig. 2 is from measurements from lidar systems, the OSIRIS sensor on the Odin satellite, and the Global Ozone Monitoring by Occultation of Stars (GOMOS) medium resolution spectrometer on the Envisat satellite. 8, 13, 21, and 26 Figure 2: Monthly trends in the sodium column density at mid-latitudes as described by lidar systems in the 1990s, lidar systems in the early 2000s, and satellite measurements from the OSIRIS and GOMOS sensors 11 In the mid to late 2000s Dr. Plane at the University of Leeds presented a new global reference for the sodium layer. His group based their global sodium layer reference off of measurements from the OSIRIS sensor from the Odin satellite. That data is the same data used in the LEEDR and HELEEOS toolsets presented in this paper. His group zonally averaged the collected data into 10 degree latitude bins on a monthly timescale from the first two years of collected data.
Results from this averaging can be seen in the Table 1 
Collection Information from OSIRIS Sensor on Odin Satellite
The most recently developed common form of satellite based measurement of the sodium layer employs limb-scanning measurements of the sodium resonance emission line in the dayglow. This is the technique that the OSIRIS sensor used on board the Odin satellite. The OSIRIS spectrograph is capable of collecting measurements from 280 nm to 800 nm with a resolution of 1 nm. The sodium dayglow radiance profile is able to be measured in resolution section of approximately 2 km in altitude. This radiance profile is converted to sodium density profiles using optimal estimation theory and has also been validated against simultaneous lidar measurements that took place at Ft. Collins in Colorado. 11, 13, 26, and 29 There are some limits to the collection capabilities of the Odin satellite and limb-scanning technique in general. The Odin satellite is in a sun-synchronous orbit which causes some limitations on the collected data. This orbit allows for two measurements to be taken daily at approximately 0600 and 1800 local time. The collected data is also subject to times when the mesosphere is illuminated, meaning there is a solar zenith angle less than 92 degrees. This results in no data being collected in high latitudes in winter months. 8, 26, and 28 It should be noted that the sodium density retrieval technique of limb-scanning the sodium resonant in the dayglow is subject to some uncertainty. From the OSIRIS sensor this uncertainty is plus or minus 10%. This is comparable with modern lidar measurement techniques. 
Laser Beacons
Laser beacons are needed to compensate for the turbulent atmosphere for application such as imaging objects in space. First we must consider using a natural guidestar to justify the reasoning for the need of a laser beacon. According to There are two basic types of laser beacons used for adaptive optics, a Rayleigh beacon and a sodium beacon. A representation of the backscatter vs altitude from a Rayleigh beacon and a Sodium-Resonance beacon can be seen Fig. 5 . A sodium beacon is sometimes referred to as sodium resonance backscatter when the physical process that is actually taking place it the sodium atoms are absorbing the photon energy and then re-emitting the energy approximately 16 nanoseconds later. Below 15km, it can be seen that a Rayleigh beacon will give a much higher backscattered signal. However, the Rayleigh beacon does not account for all the turbulent nature of the atmosphere. A sodium beacon is located at a high enough altitude that it accounts for nearly all the turbulent nature of the atmosphere. This is one of the reasons why the sodium layer receives attention in many adaptive optics studies.
17 and 21
Sodium Guidestar Systems and Focus Anisoplanatism
A sodium guidestar system takes advantage of the naturally occurring sodium atoms at approximately 90 km in altitude in the atmosphere. A laser tuned to the D2 transition at 589.2 nm is used to excite these sodium atoms. The sodium atom will absorb the laser lights and re-emit the energy at nearly the same wavelength. This light that is re-emitted is what forms the artificial star in the sky used for adaptive optics systems. The sodium layer has a varying thickness that is about 10 km and varying density distribution profiles. This gives rise to elongated or uniquely shaped artificial stars when not viewed from along the beam path. 19 One of the most important limiting factors when using a sodium guidestar system is focal anisoplanatism which is also known as the cone effect. This is due to the finite height of the sodium guidestar above the telescope being used. The traced rays from an artificial star form a cone in the cylinder being viewed, which leaves parts of the viewing that are turbulent and not accounted for. Also, any area above the artificial star is not sampled at all. This effect is less severe when using a sodium guidestar as compared to a Rayleigh guidestar due to the large difference in altitude above the observation telescope. Fig. 6 depicts focal anisoplanatism. 
LEEDR and HELEEOS
LEEDR was developed at AFIT's Center for Directed Energy and aids in the characterization of the atmosphere for a localized area on earth. LEEDR is a software package the allows for the creation of atmospheric profiles from the surface to 100 km, with extensions above for the sodium layer, containing information on temperature, pressure, water vapor, optical turbulence, atmospheric particulates, hydrometeors as they relate to atmospheric transmission, path and background radiance at any wavelength band from ultraviolet to radio frequency, and sodium layer concentrations. An air-to-ground, air-to-air, or ground-to-space CFLOS calculator for 415 land sites worldwide is included in LEEDR. In general, LEEDR defines a well-mixed atmospheric boundary layer with a worldwide, probabilistic surface climatology based on season and time of day, and then computes the radiative transfer and propagation effects from the profile of meteorological variables. This allows LEEDR to accurately reconstruct atmospheric profiles that are representative of a specific location. 6 and 7 HELEEOS was developed at AFIT's Center for Directed Energy and is a fast running Matlab-based scaling law model used for creating directed energy propagation simulations. Specifically, HELEEOS performs its propagation calculations utilizing the following algorithms, models and datasets: the Scaling for HEL and Relay Systems (SHaRE) scaling law algorithms, High Resolution Transmission (HITRAN) database for molecular absorption, Global Aerosol Dataset (GADS), Advanced Navy Aerosol Model (ANAM), the Adaptive Optical Compensation of Thermal Blooming (AOTB) model, various turbulence models, and other physics based atmospheric propagation algorithms. The objective of HELEEOS is to capture operational requirements, utilize a broad range of science and engineering analysis, assist in the evolutions of improved weapon system effectiveness through accurate engineering performance assessments, and establish a common understanding of directed energy possibilities. In order for HELEEOS to provide a realistic estimate of energy put on target it leverages two key components, LEEDR and correlated environmental effects on laser propagation. Some environmental effects include particulate absorption and scattering, optical turbulence, and CFLOS from virtually any location on the globe. HELEEOS supports a dynamic range of engagement scenarios which can contain a target, platform and up to two relays that can be configured in any three dimensional environment.
6, 7, 23, and 32
METHODOLGY
Sodium Data Ingestion into LEEDR
Atmospheric sodium layer data was collected by the OSIRIS sensor on the Odin satellite from 2004 to 2011 using a limb-scanning technique in the Earth's dayglow. This data was processed into sodium density values vs altitude for specific collection locations on Earth. This process was performed and validated by the University of Leeds. The results of this, which consisted of eight years of sodium density profile data, are what were used to be ingested into the LEEDR toolset. In LEEDR each sodium layer data point consists of 16 measurements of the sodium column density that are at a resolution of 2 km ranging from 76 km to 106 km in altitude above the earth's surface. In total there are 57,637 data points specific to different location above earth's surface that were used. 6 and 28 In LEEDR and HELEEOS these data points are used in two different ways. The first provides a view of the global climatology of the sodium layer maximums for each month. The data was separated by month and plotted as a visual magnitude representation on earth's surface. Results from this are discussed in the Results section and plots for each month can be seen in the Appendices I and II. The second way sodium density profile data points are used are to create a global selection of specific data to be used to set up a model that shows a sodium guide star system performance. When using LEEDR, there is a tab specific for use with the sodium layer. Here the user can select a location on earth and set up the engagement geometries. The tool will grab the nearest specific data point to be used and will run calculations to evaluate the sodium guidestar performance using that data. The strength of doing this in LEEDR is that other atmospheric effects specific to the location on earth can be used and real weather and atmospheric data can be ingested into the tool. This will give a real scenario model of how the system would perform in that region of the globe during a specific time.
6 and 7
Atomic Sodium Physics
The atomic sodium atom has a total of 11 electrons with a single valence electron outside the closed shells. In the case where we consider an isotropic pump field, the pumping field has equal components in all three possible polarizations, the sodium atom can be treated as a simple two-level atom even though it has a fairly complicated hyperfine structure. Based on this we can describe the resonance fluorescence of the sodium atom. The steady state total photon scattering rate integrated over all directions and frequencies can be described by
Where R sc is the scattering rate, Γ is the natural decay rate, I is the incident intensity, I sat is the saturation intensity, and Δ is the detuning amount of the laser from the atomic resonance. From this we can describe the saturation intensity and the corresponding on-resonance scattering optical cross section σ which is
Where ħ is Plank's constant divided by 2π and ω is the frequency. It should be noted that the saturation intensity is dependent on the polarization of the pumping light and thus the on-resonance cross section as well. Values for I sat and the corresponding optical cross sections can be seen in the table for the sodium D 2 transition optical properties. For use in the LEEDR and HELEEOS tools only isotropic cases are considered. 16 , 24, and 29
Astronomical Brightness
Astronomical brightness is defined by Tyson as the number of photons reaching the Earth's surface in a given unit of time. This term is dependent on the magnitude of the star in the visible pass band. The expression for astronomical brightness in units of photons/cm 2 s is = (4 × 10 )10
where m v is the visual magnitude of the observed star. To get an idea of the visual magnitude, the unaided human eye limit of vision in a dark location is equal to approximately an m V of 6, and a sunlit geosynchronous satellite is roughly m V of 14.
31
For a typical adaptive optic system utilizing an off the shelf Shack-Hartmann wave front sensor a guidestar of visual magnitude of approximately 12 is needed to achieve the wave front sensing requirement. This is found using the equation above and assuming a Fried's coherence length of 15 cm, a wave front sensor operating at 100Hz, and where one subaperture is equal to one coherence length. Using the photon flux calculation presented and the required brightness of a star needed for wave front correction we can get back to a rough sodium column density needed for an effective adaptive optic system. The actual sodium column density value required will vary slightly from system to system based on relevant system parameters. For our calculation we will assume typically used parameters to achieve an estimation of the sodium column density needed. Combine the photon flux equation and astronomical brightness equation and re-arranging for the sodium column density we get
We require a visual magnitude equal to 12, which corresponds to 40 photons per centimeter squared seconds. For this calculation we assume values of altitude equal to 92.5 km, efficiency of 100% (ideal), a one way atmospheric transmission of 92%, a 50 W continuous wave laser, and isotropic radiation from the sodium atoms. All other values are known constants. The choice of these values is representative of a laser system used for atmospheric correction using a sodium beacon. It is important to realize that choosing a more capable system will lower the required sodium column density. This results in a sodium column density of 8.8436 x 10 8 atoms per square centimeter. We use this number as a base line for the performance standard of a sodium guide star system being deployed in a global environment.
1, 2, 9, 10, 11, and 31
Calculation of Photon Flux
The photon flux calculation is performed based on methodology presented in common guidestar reference books such as those written by Ageorges and Dainty or by Tyson. This methodology is coupled with input parameters from LEEDR's atmospheric tools and databases that are specific to locations chosen on the earth. Combining these with specific sodium layer density profile data and laser input parameters, the photon flux from a sodium guidestar as viewed from an observer at any location relative to the radiating guidestar can be calculated. The photon flux calculation used is
Where F is the sodium guidestar return flux, η is the sensor efficiency, T A is the atmospheric transmission, σ is the sodium resonant backscatter cross section, ρ is the sodium column density, λ is the wavelength, E is the energy of the laser, z 0 is the column height, h is Plank's constant and c is the speed of light. This calculation is performed at each point in each of the screens and then summed as seen from the observer. The sodium column abundance and height are from the collected OSIRIS sensor data. The detector efficiency, laser energy, and wavelength (has to be resonance to perform calculation) are user inputs. The atmospheric transmission is calculated using LEEDR and HELEEOS using already existing toolsets for each point in the screens. The resonant cross section for sodium for isotropic radiation was chosen to be used. This cross section selection can be changed for accounting for polarization effects. What makes this calculation unique is that each point in the grid created is calculated separately and then summed together all based off of data that is specific to a location and time on earth. LEEDR and HELEEOS have the ability to ingest specific weather and atmospheric data to create a transmission profile unique to a location and time. This is combined with specific data points of the sodium layer density profile that closest match that specific data and time. Together this creates a realistic engagement model relative to a specific location and time on the globe.
1, 6, 7, and 31
Spot Elongation
Using the observer mode in LEEDR and HELEEOS allows for viewing of the spot elongation. A schematic depiction of the effects of spot elongation are shown in In LEEDR and HELEEOS this effect can be seen while in off-axis observer mode. The geometries will be calculated and the photon flux screens from the guidestar will be added in a three dimensional volume and then compressed into a two dimensional space based on the observer location in regard to the guidestar. A calculated FOV of the observer needs to be used to fully capture the effects of the spot elongation. If a FOV is chosen that is too large, the resolution needed will likely not be available in the calculation to see the spot. If a FOV is chosen that is too narrow or small, then the whole sodium layer depth will not be captured and only a small subset of the guidestar will be seen. The angle, theta, should be calculated prior to using an off-axis observer in order to fully see the effects of spot elongation. 23 The effects of a changing sodium layer density profile will also be seen in the spot elongation when vied from off axis. In the extreme case when the observer is directly perpendicular to the laser guide star, the influence of the sodium layer density profile can be seen. In some special cases a double localized maximum can be seen. An example of this can be seen in Fig. 8 and Fig. 9 . Figure 8 : Sodium density profile used for double localized maximum example. This is actual measured sodium layer data from the OSIRIS sensor. Figure 9 : Photon flux as seen by an observer that is perpendicular to the sodium profile in Fig. 8 showing the double peak effect in its most extreme viewing scenario 
Geometry of Sodium Guidestar Models
A sodium guidestar model of the observer being co-located with laser source was used and placed in various regions of the globe during chosen times of the year to show the performance of using a sodium guide star as it would be used from an astronomical telescope to correct for atmospheric turbulence.
For demonstration of the LEEDR tool capability, four main geometries were chosen to show the capability of viewing a sodium guide star from various aspects representative of real scenarios. The four scenarios included viewing the sodium guidestar from the laser source, from a ground based observer 100 km away, from an aircraft scenario 100 km away, and from a low earth orbiting satellite viewing the guidestar from off the main optical axis.
The two ground based scenarios simulate using a guidestar as part of a co-located transmit and receive telescope or having the guidestar source attach to the side of the observing telescope, and viewing the sodium guide star from a bistatic location. For an adaptive optics system having the laser guide star source co-located with the imaging telescope is most common, but bi-static systems do exist.
The aircraft scenario simulates observing a sodium guidestar from a sensor that would be located on a C-130 aircraft or a predator drone flying near their respective maximum altitudes at a 100 km stand-off. The maximum altitude for both aircraft is approximately 7 km. From this collection scenario as well as the bi-static ground based collection scenario the effects of spot elongation can start to be seen.
The last scenario is sodium guide star viewing from a satellite. This adds a unique observer feature to LEEDR and HELEEOS. It also opens up viewing of the sodium guidestar from an assortment of viewing angles that are not typically used. It may be important for researchers who conduct sodium guidestar tests to view the sodium guidestar from space as then the photon flux can be studied more closely from many angles during one engagement scenario. Utilizing all four observation scenarios allows a three dimensional view of a sodium guidestar to be created.
Simulation Set-up Parameters and Assumptions
Parameters used for engagement scenarios can be found in the Table 3.   10   Table 3 : Parameters used for the sodium photon flux simulations that are representative of a typical sodium guide star system used for atmospheric correction 2, 6, 10, and 11 When choosing a location on the globe to set up an engagement scenario, the tool will filter through all the collected sodium layer data and specifically choose the closest data point. This is actual measured sodium layer profile data collected from the OSIRIS sensor at that location. This is not representative of an average global trend data point. Therefore, this can be misleading since at times extreme or random profiles were collected. This phenomenology is currently under study for the sporadic occurrences in the sodium layer density profile that occur. To mitigate this many points in approximately the same area can be used or manual sorting through the sodium layer density database can be performed. Sodium layer data can also be manually chosen and inputted based off of a specific location sodium layer profile in time.
Parameters Used for Simulations
When performing photon flux calculations LEEDR or HELEEOS separates the propagation path into data screens and performs the calculations at each data point in each screen. Depending on the chosen resolution and number of screens, the accuracy and smoothness of the results are varied.
It is assumed that the D2¬ transition for sodium is what is emitting the light. This was chosen because the D2 transition is the stronger when compared to the D1 transition. This topic is discussed in the section on atomic sodium physics. 
RESULTS
Global Sodium Data Viewed in LEEDR
In LEEDR there is a capability to show the monthly global sodium layer density distribution. An example of what this looks like in LEEDR is shown in Fig. 10 . To create these global density distribution plots, all the measured sodium layer data from the OSIRIS sensor were taken and separated into each month. Within each month, there were thousands of data points that corresponded to various locations on earth. Within each data point the maximum density was used as a reference for that point and gridded to the globe. Grid intersections that had no collected data points were created from a linear interpolation of the closest two data points. A full mesh grid of data points was created from this and used to create a scaled overlay in red. The maximum grid point was given a transparency value of 1, meaning it was completely opaque, and the minimum which in all cases was zero was given a transparency value of zero, making it completely transparent. 6 The global sodium layer monthly plots can be found in World Wide Study of the Performance of a Sodium Guidestar by Steven M. Zuraski. 35 Looking at the plots there are apparent features within the monthly plots. Sharp horizontal cut-off lines in the data can be seen. This is due to the lack of collection beyond those latitudes. This is expected based on using the earth's dayglow for limb-scanning measurements and the orbit that the Odin satellite was in. During certain times of the year, it was just not possible for the OSIRIS sensor to collect sodium layer data beyond certain latitudes. Another feature that can be noted is that some months look like there is a lot of sodium layer data and others look sparse. This is an artifact of the way the data was chosen to be displayed and how the distribution from maximum to minimum sodium density values is distributed. For the months that look like there is plentiful sodium layer densities globally present, it is just more of an even distribution across the globe where the mode of the sodium layer density values are close numerically to the maximum values. Months that look sparse, indicate that there are a few localized locations on the globe where the collected data were exceptionally high as compared to the rest of the collected data in that month globally. An example of a monthly plot representation of the sodium layer data can be seen in Figure 10 . Trends in the sodium layer density for each month as described by the maximum, mean, and standard deviation can be seen in Table 4 and Fig. 11 . When comparing the mean sodium layer density from the OSIRIS sensor data used in LEEDR, collected from 2004 to 2011 to traditional sodium layer density theory, it follows a similar trend with a few differences. In the OSIRIS data used in LEEDR there are two main high density peaks, one in March and one in the September/October timeframe. Mean densities during this time are around 1 x 10 9 atoms per cm 2 and the maximum densities during these times are around 1.2 x 10 10 atoms per cm 2 . Comparing this to traditional global density theory, the maximum is only in the October/November timeframe and reaches values from 3.5 x 10 9 to 8 x 10 9 atoms per cm 2 . When looking at the standard deviation it can be seen that there is a large amount of variability in the density values. A lot of this is dependent on the location on earth of the collected data. As presented by Dr. Plane, the sodium layer density varies greatly both from month to month and across latitudes. Looking at both traditional theory and the LEEDR plots, during winter months latitudes in the northern hemisphere appear to have greater sodium column densities. While during the summer, the southern latitudes appear to have greater sodium column densities. 
Photon Flux from Ground and Air Based Simulation Scenarios
In Fig. 12 , the sodium profile chosen for simulations can be seen. This profile was chosen because of its uniqueness and double peak. Based on some of the scenarios presented this feature displays the capability of modeling the photon flux in LEEDR and HELEEOS. Of note, this is just an example scenario profile chosen, in LEEDR and HELEEOS there are over 57,000 different specific profiles that can be selected based on time and location. Fig. 13 shows the photon flux as seen from an observer that is on the ground and 100 km from the source of the sodium guidestar. This represents a ground based bi-static collection on a sodium guidestar. In Fig. 13 , the effects of spot elongation can start to be noticed, although they are minimal across the field of view of the observer. Spot elongation will start to cause problems when using a sodium guidestar in conjunction with a Shack-Hartmann wave front sensor. The Shack-Hartmann wave front sensor places spots on each lenslet. If the spots are elongated, then it can create errors in determining the centroid location and hence the displacement of each spot. The photon flux as seen from an observer that is on an aircraft flying at an altitude of 7 km and 100 km from the source of the sodium guidestar. This is a flying altitude that is representative of near maximums for a C-130 aircraft or a predator drone. Since there is relatively minimal difference between this scenario and a ground based scenario the photon flux plots look very similar. Of note, it was assumed that the aircraft was stationary for this test set-up. Having a moving sensing platform introduces a new set of criteria to consider such as air turbulence induced from air flows around the aircraft and sensor, tracking considerations, and jitter induced from flight movement.
Photon Flux from Space Based Simulation Scenarios
Figures 14 and 15 depict the photon flux as seen from an observer that is in space at an altitude of 700 km and 100 km from the source of the sodium guidestar as measured from the satellite sub-points. A 700 km altitude is represnetitive of a low earth orbit satellite. Also, for these calculation only a one-way transmission was used since the second beam path does not travel through the atmosphere, but instead travels upward toward the satellite observor. Only having a 100 km satellite sub-point standoff distance creates a geometry that can be viewed as nearly overhead, but not in the main beam path. This is important as the sodium layer saturates using only about 1-3 percent of the laser energy and the rest just passes through into space. Being 100 km off the spot is seen as circular and the effects of spot elongation are not present. Also, due to the earth calculations used in LEEDR and HELEEOS and the inputs currently available, it can be hard to determine the correct orientation and field of view of the observor to get the whole sodium guidestar spot in the image with the nessessary resolution. Figure 14 : Photon flux profile from a space based observer at an altitude of 700 km with a 0.4515 degree FOV at a 100 km satellite sub-point standoff showing a Gaussian profile since the geometry of the standoff is far enough away that spot elongation is unnoticeable Fig. 15 illustrates what a sodium guidestar would be seen as in its most extreme case of being viewed from space directly from the side. Here the whole structure of the sodium profile can be seen, as noted by the double peak structure which matches the sodium density profile. For this simulation, an arbitrary standoff distance was used as it would appear to be the same from any distance as long as the resolution and field of view were adjusted proportionally. It is important to notice that the profile structure is present along the central portions of the field of view. On the left and right edges of the plot localized at the two main peaks, the photon flux appears to have a spike and decrease more rapidly than near the center of the plot. This is due to a stronger isotropic radiation from the two peaks and compared to being away from the peaks. 
Optimal Land Based Locations for a Sodium Guidestar System
When looking at the global climatology of the sodium layer it is important to understand the trends in each region specifically since the sodium layer density changes have a large impact on the guidestar performance. Thirty-five regions on earth were chosen that are representative of the major areas of each of the seven continents for a study on the feasibility of using a guidestar system. For a sodium guidestar to be effective as a reference in an adaptive optic system it needs to be equivalent to a magnitude 12 star; this corresponds to needed a sodium density of 8.8436 x 10 8 atoms per cm 2 as presented in the methodology section. It is important to know that this number of sodium atoms is not absolute, but only representative of a typical adaptive optic system. If a more advanced or capable adaptive optic system is available the sodium density necessary to create a sufficiently bright sodium guidestar can be less. Data was gathered for each site corresponding to all collected sodium layer density data within 10 degrees of latitude and longitude from a central point in the region and then categorized into a monthly trend.
When looking at the trend for North America and Asia it appears that the sodium layer reaches its highest values in the fall and winter months with lows in the summer months. For the most part, during the summer none of the North American sites reach the requirement for the adaptive optic system presented. This means for an adaptive optic system, a more capable system would be needed to meet the minimum requirements to perform atmospheric corrections needed for imaging scientific objects of interest in space. There are also fairly large swings in the sodium densities on a month to month basis which create a wide range of variability even within each month's dataset. When analyzing sites in North America across latitudes it appears that the southern sites like the Eastern and Western United States have relatively higher density counts as compared to Alaska and Canadian sites.
When looking at the sodium density trends for locations in South America, most sites for most of the year are below the minimum requirement for an adaptive optic system presented. The South American sites only go above the threshold for a maximum of three months out of the year. Overall, the trend of the sodium layer density for sites in South America appears to be sporadic in nature and is unfavorable for a typical sodium guidestar system for most of the year.
All the European locations follow the same trend in sodium layer density data. This is likely due to their close proximity and small regional size. They all are above the required threshold from approximately August through April based on collected data. This is the same as known sodium layer theory that is historically presented. The regions in Africa, Australia and Antarctica appear to follow a different trend in sodium layer density than the rest of the world. They appear to be at a low from January to May and reach higher values in the late summer and fall. Sodium layer densities are below the required minimum for most of the year, except for two months where it barely gets above the threshold, March and August. This would make an adaptive optic system unfavorable at the South Pole that utilized a sodium guidestar. For monthly data on specific locations reference Figure 16 . Figure 16 shows how specific regions on earth would perform as a sodium guidestar adaptive optic system. Thirty-five locations were chosen to be representative of all major regions in all seven continents. A central point for each location was chosen and data was averaged together within a 10 degree latitude and longitude radius to create the data displayed in each figure. The solid red horizontal line represents the sodium column abundance needed to create a brightness magnitude of 12 sodium guidestar from a typical adaptive optic system, as presented in this paper. Of note, that threshold would be lowered if a more capable adaptive optic system was to be used.
Note on Special Applications of Sodium Data in LEEDR and HELEEOS
With the addition of the sodium layer data to LEEDR and HELEEOS it adds a unique and very specific way to view a sodium guidestar's performance. LEEDR and HELEEOS have the capability to ingest real collected atmospheric data from testing or a specific site to create an accurately representative atmosphere transmission calculation. The sodium layer database adds this same type of capability for sodium layer density profiles on a global scale that are specific to a time and location. It is possible to match the atmospheric profile with the sodium layer profile in both time and space to create an actual model of the full atmosphere used in a sodium laser guidestar. This will be extremely beneficial to scientists analyzing test data.
HELEEOS also models beam propagation very uniquely in that it takes into account for a shift from a Gaussian profile beam into a crescent moon shaped beam due to thermal blooming and other atmospheric effects. This will apply to the propagation of higher energy sodium guidestar laser that are tightly focused and can create an accurate model three dimensional space of a sodium guidestar's performance.
CONCLUSION
Conclusions from Work Presented
Using the sodium layer data collected from the OSIRIS sensor adds a new capability to the LEEDR and HELEEOS toolsets. These atmospheric and laser propagation tools now account for another set of particulates in the atmosphere, sodium atoms. In addition, the NAGS interface allows for the study of the performance of a sodium guidestar system. The specific collected sodium layer data from a location and time can be used in conjunction with the existing LEEDR and HELEEOS architecture to create real scenario input parameters used to calculate the photon flux from a guidestar as viewed from a chosen observer location. This functionality is available across the entire globe and is unique to the LEEDR and HELEEOS toolsets when compared to other existing sodium guidestar tools available.
Available in the LEEDR and HELEEOS toolsets is the ability to view the global climatology of the sodium layer data from seven years of collected data from the OSIRIS sensor. The climatology is presented on a monthly timescale and the distribution trends can be seen. By observation, it can be seen that during the winter months the latitudes in the northern hemisphere have greater sodium densities, and during the summer months, the southern latitudes have greater sodium densities. Looking at the monthly statistics, differences are present as compared to traditional theory. Those being the relative high point in March and a one month shift in the primary peak density in the September to October timeframe. Also present is a large variability in the sodium layer density which is commonly mentioned in literature but not quantified to the extent presented in this paper.
Using the NAGS interface in LEEDR and HELEEOS photon flux calculations from a sodium guidestar can be quantified and studied. This paper presented the common real world scenarios that are now capable of being researched used in conjunction with real collected global data. The scenarios presented were all for a ground based sodium guidestar system that was collected upon from sensors that were co-located with the laser source, on the ground at a significant standoff distance from the laser source, on an air based platform at a significant standoff distance from the laser source, and on a space based platform representing a low earth orbit satellite. These are just common scenarios that represent current real world sodium guidestar scenarios. Using the NAGS interface, a completely geometrically variable system can be set up for the laser source, target, and observer. These scenarios are all quantified by a point by point photon flux calculation and a visual of the photon flux profile as seen by the observer.
The global feasibility of a sodium guidestar system was presented by selecting 35 locations on earth representing all major regions of all continents. A back calculation from a star brightness magnitude of 12 using assumed sodium guidestar system parameters representative of a typical sodium guidestar system was used to define the necessary sodium layer abundance needed to have an effective sodium guidestar that could be used for atmospheric correction. At each location this sodium layer abundance was observed on a monthly basis by taking in all collected data points within a 10 degree latitude and longitude region centered at each location. From this no one location on earth proved to be the best location for all times during the year. Comparatively, most locations were at best meeting the needed threshold for about half the year. With most locations on earth performing best during the late fall and winter months, except for some locations in Africa and South America which performed best during the summer months. It can be concluded that to have a sodium guidestar system capable of producing a brightness magnitude star of at least 12 for 12 months of the year a more advanced sodium guidestar system would be needed. Parameters that could lead to this include larger optics, use of a pi polarized light, quantized effects of the geomagnetic field, and pumping both the D1 and D2 sodium lines simultaneously.
Future Development and Applications
To increase the global data set of sodium layer data new collected data would be needed either from a satellite based sensor in a different orbit that is more favorable to collecting sodium density measurements in the northern latitudes in winter months or supplement the current data set with sodium layer lidar measurements from sites in the northern latitudes. This would help fill in the gaps in collected data both in the special and temporal domains. In addition, for specific adaptive optics sites using sodium guide stars, localized measurements taken frequently would create a more accurate picture of the sodium profile relative to those specific locations.
The HELEEOS software could also be increased in capability by adding system level adaptive optic components. Adding in a Shack-Hartmann wave front sensor and a deformable mirror application would allow for HELEEOS to calculate how a corrected beam would propagate from an actual adaptive optic system utilizing a guidestar in a real scenario. Also, adding effects from the earth's magnetic field and scattering effects from near collisions would increase the fidelity of the sodium guidestar model. For this paper it was assumed that the sodium guidestar radiate isotropically. However there are a few studies suggesting this is not always true and there are a few factors that contribute to this such as the earth's magnetic field.
